Abstract The synthesis of medium-chain-length β-hydroxy esters in good yield via the Reformatsky reaction is described. This work will be used as the basis for further investigation of hydroxyalkanoate polymers as potential feedstock for biofuel production. There has been recent interest in developing alternate sources of biofuels that can be used as a replacement for fossil fuels. One of the most prevalent biofuels is biodiesel produced by the methanolysis of long-chain (C16-C20) fatty acid triacyl glycerides that are the major constituents of plant oils.
There has been recent interest in developing alternate sources of biofuels that can be used as a replacement for fossil fuels. One of the most prevalent biofuels is biodiesel produced by the methanolysis of long-chain (C16-C20) fatty acid triacyl glycerides that are the major constituents of plant oils. 1 However, biodiesel production results in several by-products, such as glycerol and free fatty acids, which cannot be used as fuels and are of otherwise low value. It has been recently demonstrated that these waste by-products can be used as feedstock for the bacteria Pseudomonas putida LS46. 2 This strain of P. putida can efficiently convert these by-products into a variety of medium-chain-length polyhydroxyalkanoates (mcl-PHAs -Scheme 1), with chain lengths of 6 to 14 carbons. These bioester polymers can be considered of higher value than the biodiesel waste byproducts. For example, polyhydroxyalkanoate (PHA) has been investigated as a feedstock for biodegradable plastics and other products. We are interested in investigating the chemical conversion of PHA into other value-added products, such as 'dropin' biofuels. For example the methanolysis of PHA results in a 3-hydroxymethyl ester with the chain length, and resulting chemical and physical properties, which is dependent on the chemical composition of the feedstock polymer. We decided to investigate 3-hydroxymethyl and -ethyl esters with a full range of chain lengths to determine the optimal of carbon atoms for downstream conversion to biofuel. However, optimizing growth conditions for P. putida to produce PHA with a specific chain length is time-consuming and expensive. In addition, although the free acids are commercially available their average cost (~$10/mg) requires the development of a more economical synthesis. Therefore, a synthetic methodology was developed that would provide a convenient and economical access to a series of 3-hydroxy esters of the required chain length (C4-C12).
We decided to investigate the use of the Reformatsky reaction for this purpose as it is one of the most useful methods for the formation 3-hydroxy esters. 4 The Reformatsky reaction can be carried out in aqueous neutral conditions, in contrast to the alkaline conditions required for aldol condensations or the dry inert conditions required when using Grignard reagents. The Reformatsky reaction has been extended to a large variety of substrates 5 and an asymmetric version has even been developed. 6 It was decided that this reaction would offer an attractive approach to synthesize our desired compounds as a series of aldehyde precursors are commercially available as is both ethyl and methyl bromoacetate. Here, we report the synthesis of a series of 3-hydroxymethyl and -ethyl esters in good yields using the Reformatsky reaction.
The Reformatsky reaction was used to generate the β-hydroxy esters (Table 1) reported here. The reactions were carried out using wet THF as solvent since it had been previously reported that the use of wet THF in the Reformatsky 
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reaction produces significantly better yields with aliphatic aldehydes than anhydrous THF. 7 Preliminary method development reactions were conducted on a small scale (2 mmol) with the product yields ranging from 42 to 81%. Slow addition of BF 3 ·OEt 2 via syringe pump was also used.
Table 1 Synthesis of C6 to C12 β-Hydroxy Esters
In order to produce an amount of each 3-hydroxy ester sufficient for testing as potential biofuels we decided to optimize the reaction at a larger scale. However, due to the exothermic nature of the Reformatsky reaction, scale-up often requires specialized equipment and reaction conditions. 8, 9 We therefore decided to optimize our reaction at the 0.1 mole scale as it was felt that this would prevent runaway reactions, which may occur at larger scales. Initial attempts at this scale involved the formation of the zinc enolate through slow addition of bromoacetate to a mixture of BF 3 ·OEt 2 -activated zinc. This was followed by slow addition of a solution of the aldehyde to this mixture. Although runaway reactions did not occur, a mixture of products was observed irrespective of addition rate. All attempts to optimize the reaction through changing order and rate of addition of reagents resulted in complex mixtures with low yields of desired product.
As part of the optimization process, we discovered that it was not necessary to activate the zinc granules with BF 3 ·OEt 2 if they were suspended in refluxing THF. Therefore, in order to minimize side products, the following procedure was developed. To a refluxing solution of THF were added zinc (2 equiv), aldehyde, and bromoacetate (2 equiv) in quick succession. WARNING: This reaction requires venting as the mixture immediately undergoes rapid solvent boiling, which requires extensive condensation. However, under these conditions the reaction is complete in 20 minutes with high yields (85-95%). The yields of the 3-hydroxy esters produced by the Reformatsky reactions under these conditions are summarized in Table 1 .
In order to complete our library of molecules for biofuel testing, the 3-hydroxy esters were hydrolyzed to the corresponding free acids under basic conditions. These results are summarized in Table 2 . These free acids are oils or solids at room temperature and therefore may not be suitable as biofuels. However, they may serve as useful substrates for deoxygenation reactions in the downstream conversion of the P. putida polyhydroxyalkanoates.
Table 2 Saponification of β-Hydroxy Esters to β-Hydroxy Acids
In summary, we have synthesized a series of 3-hydroxy esters with carbon chain lengths of 6-12 carbons using the Reformatsky reaction. This method has been optimized for an intermediate scale of 100 mmol, which prevents runaway reactions and the formation of side products. This intermediate scale also provides an amount of product that is sufficient for evaluating these molecules as potential biofuels. This testing is underway and will be reported on when complete. C NMR spectra were obtained using a Bruker AC 300 in CDCl 3 unless otherwise stated. IR spectra were obtained by ATR on a Bruker Alpha FT-IR using a thin film formed by solvent evaporation.
Reformatsky Reaction; General Procedure
THF (200 mL) was added to an oven-dried 500 mL round-bottomed flask equipped with a condenser 30 cm in length and left open to the atmosphere. The THF was used directly as purchased without any further drying or purification. The solvent was then rapidly stirred using a magnetic stir bar and brought to reflux (66 °C) on a sand bath. The condenser was then temporarily raised and 6.5 g (0.1 mol, 2 equiv) of Zn granules were added to the hot solvent. This was followed by the rapid addition of the aldehyde (0.1 mol) and the bromoacetate (as either the methyl or ethyl ester) (0.2 mol, 2 equiv) into the reaction mixture. The condenser was immediately reattached to the roundbottomed flask at which point rapid boiling occurred. The reaction was allowed to rapidly reflux for 1 min at which point the reaction vessel was removed from heat and allowed to cool to r.t. with stirring. The reaction was observed to be complete by TLC (eluent: hexanesEtOAc, 80:20) within 20 min for all substrates. Excess THF was removed under vacuum and the resultant brown oil was dissolved in hexanes and quenched with H 2 O to form a yellow precipitate. The mixture was filtered and the hexane layer was washed with H 2 O (100 
KOH, MeOH
9-12
This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
M. Sailer et al.
Paper
Syn thesis mL), aq 1 M HCl (2 × 50 mL), H 2 O (100 mL) and brine (50 mL), and dried (Na 2 SO 4 ). Removal of hexanes under vacuum furnished the products 1-8 in yields ranging from 86 to 95% (Table 1) .
Methyl 3-Hydroxyhexanoate (1)
Yield: 13.14 g (90%, 90 mmol); clear yellow oil. 3468w, 2957m, 1724s, 1437m, 1166s, 1122m, 993m, 14.2, 14.3, 22.7, 25.6, 29.3, 29.6, 31.9 
IR (film):
Saponification of Esters; General Procedure
To a 50 mL round-bottomed flask fitted with a stir bar was added hexane (5 mL) and the respective 3-hydroxymethyl ester (1 mmol). This mixture was heated to 50 °C at which point sat. KOH in MeOH (0. 5 mL) was added. This led to the instant formation of a precipitate. The mixture was then stirred vigorously at 60 °C for 30 min, then removed from heat, and the solvents were evaporated under reduced pressure to provide the product as a potassium salt. This residue was dissolved in distilled H 2 O (10 mL) and extracted with CHCl 3 (3 × 10 mL). The aqueous layer was collected and acidified with concd HCl to pH <1. Et 2 O (20 mL) was added to the aqueous acidic solution and this solution was stirred vigorously for 1 h. The organic and aqueous layers were separated the aqueous layer was extracted with Et 2 O (2 × 20 mL). The combined organic layers were dried (Na 2 SO 4 ), filtered, and evaporated under reduced pressure to give the corresponding product, which was used without further purification (Table 2) .
3-Hydroxyhexanoic Acid (9)
Yield: 95 mg (72%, 0.72 mmol); clear oil. 
3-Hydroxydecanoic Acid (11)
Yield: 173 mg (92%, 0.92 mmol); white solid; mp 57.5 °C. 3534w (H 2 O), 3036br, 2920s, 2848m, 1679s, 1439m, 1221s , 907m, 710w, 544w cm 
IR (film):
